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SYSTEM AND METHOD FOR
MEASUREMENT DOMAIN DATA
ASSOCIATION IN PASSIVE COHERENT
LOCATION APPLICATIONS

CROSS REFERENCE TO RELATED
APPLICATTIONS

This application claims benefit of U.S. Provisional Patent
Application No. 60/288,450 entitled “System and Method
for Measurement Domain Data Association for PCL
Applications,” filed May 4, 2001, which 1s hereby 1ncorpo-
rated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to a passive coherent loca-
tion (“PCL”) radar system and method, and more
particularly, to a system and method for measurement
domain data association, also referred to as line tracking, for
PCL radar applications.

2. Discussion of the Related Art

PCL radar systems may be represented by a multistatic
radar system. A multistatic radar system has many receivers
that are separated from one or more transmitters. The
radiated signal from a transmitter arrives at a receiver via
two separate paths. One path may be a direct path from the
transmitter to the receiver, and the other path may be a target
path that includes an indirect path from the transmitter to a
target to the receiver. Measurements may include a total path
length, or transit time, of the target path signal, the angle of
arrival of the target path signal, and the frequency of the
direct and target path signals. A difference 1n frequency may
be detected according to a doppler effect if the target 1s in
motion.

Knowledge of the transmitted signal i1s desirable at the
receiver 1f information 1s to be extracted from the target path
signal. The transmitted frequency 1s desired to determine the
doppler frequency shift. A time or phase reference also 1s
desired 1f the total scattered path length 1s to be determined.
The frequency reference may be obtained from the direct
signal. The time reference also may be obtained from the
direct signal provided the distance between the transmitter
and the receiver 1s known.

Multistatic radar systems may be capable of determining
the presence of a target within the coverage of the radar, the
location of the target position, and a velocity component, or
doppler, relative to the radar. The process of locating the
target position may include a measurement of a distance and
the angle of arrival. The measurement determination of
distance relative to the receiving site may require both the
angle of arrival at the receiving site and the distance between
transmitter and receiver. If the direct signal 1s available, 1t
may be used as a reference signal to extract the doppler
frequency shaft.

In PCL radar systems, transmitters may be known as
illuminators. Illuminators may be wideband sources of
opportunities that include commercial frequency modulated
(“FM”) broadcast transmitters and/or repeaters, commercial
high-definition television (“HDTV”) broadcast transmitters
and/or repeaters, and the like. Efficient techniques for wide-
band signal pre-detection processing and co-channel inter-
ference mitigation exist. Known approaches include an array
of antennas used to receive the source of opportunity to be
exploited, such as the primary illuminator, and any other
co-channel signals present in the environment.
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The different signals and their measurement data should
be associated with the appropriate target. If the target
assoclation does not exist, then a new tracking may have to
be mmplemented for the target. Conversely, old trackings
should be eliminated from the system if updates are no
longer being received. More efficient and expediant mea-
surement data association may improve target tracking in
PCL systems.

SUMMARY OF THE INVENTION

Accordingly, the present invention 1s directed to PCL
applications and signal processing.

According to an embodiment, a method for associating a
detection report having measurements to a line track 1is
disclosed. The line track correlates to a signal reflected from
a target detected by a passive coherent location system. The
method comprises estimating a line track state vector from
the measurements using a set of Kalman filters. The method
also 1ncludes 1nitializing the line track.

According to another embodiment, a method for associ-
ating measurement data to a line track correlating to a target
1s disclosed. A target signal 1s reflected from the target and
1s received by a passive coherent location system. The
method includes determining a signal type for the signal.
The method also mcludes converting the measurement data
to filter data according to the signal type. The method also
includes selecting a set of Kalman filters for the filter data
according to the signal type. The method also includes
propagating the line track. The method also mcludes 1den-
tifying a detection report for the line track according to the
measurement data. The method also includes computing
measurement residuals and residual variances for the detec-
tion report according to the Kalman filters. The method also
includes selecting the detection report for association with
the line track according to the residuals.

According to an embodiment, a system for measurement
data association of detection reports to a line track within a
passive coherent location system 1s disclosed. The detection
reports correlate to target signals received at the passive
coherent location system. The system includes a state esti-
mation means to associate new detection reports with exist-
ing line tracks and to estimate update states for extending
line tracks. The system also includes a line track merge
means to merge line tracks. The system also 1ncludes a line
frack termination means to terminate line tracks according to
a specilied criteria. The system also includes a line track
initialization means to 1nitiate new line tracks for unassoci-
ated detection reports.

According to another embodiment, a method for estimat-
ing line track states with detection association 1n a passive
coherent location system 1s disclosed. The passive coherent
location system receives target signals reflected from targets.
The target signals have measurement valves. The method
includes 1dentifying a set of potential detection reports. The
detection reports comprise measurement valves. The method
also 1ncludes computing measurement residuals and residual
variances for the measurement valves. The method also
includes selecting candidate reports for line tracks from the
set of potential detection reports according to the measure-
ment residuals. The method also includes applying thresh-
olds to the candidate detection reports. The method also
includes associating the candidate detection reports passing
the thresholds to the line tracks.

According to an embodiment, a method for associating
new detection reports with existing line tracks 1n a passive
coherent location system 1s disclosed. The method also
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includes gating a detection report-line track pair. The
method also includes computing a score for the detection
report-line track pair. The method also includes assigning a
detection report of the detection report-line track pair to a
line track of the detection report-line track pair according to
the score.

According to an embodiment, a method for merging line
fracks within a passive coherent location system 1s dis-
closed. The line tracks correlate to a target. The method also
includes determining a list of line tracks and line track pairs.
The method also includes calculating a measurement
residual for each line track pair within the list. The method
also 1ncludes determining merge criteria for the each line
track pair. The method also includes comparing the mea-
surement residual with gates correlating to the merge crite-
ria. The method also includes removing a line track from the
possible line track pair that satisfies the merge criteria.

According to an embodiment, a method for terminating a
line track within a passive coherent location system 1s
disclosed. The method also 1includes determining a termina-

fion criteria. The method also includes terminating the line
track when the line track achieves the termination criteria.

According to an embodiment, a method for initializing
new line tracks within a passive coherent location system 1s
disclosed. The method also includes determining a configu-
ration parameter for a new line track. The method also
includes selecting an initialization process according to the
configuration parameter. The method also mcludes perform-
ing the 1nitialization process. The method also includes
initializing a filter state of the new line track.

Additional features and advantages of the mvention will
be set forth 1n the description which follows, and 1n part will
be apparent from the description, or maybe learned by
practice of the mvention. The objectives and other advan-
tages of the mvention will be realized and attained by the
structure particularly pointed out in the written description
and claims hereof as well as the appended drawings.

It 1s to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are intended to provide further
explanation of the mvention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which 1s included to pro-
vide further understanding of the invention and 1s 1ncorpo-
rated 1n and constitutes a part of this specification, illustrates
embodiments of the present invention and together with the
description serves to explain the principles of the mnvention.
In the drawings:

FIG. 1 1llustrates a block diagram of a radar system, a
target, and transmitters 1n accordance with an embodiment
of the present invention;

FIG. 2 illustrates a block diagram of a passive coherent
location system in accordance with an embodiment of the
present mvention;

FIG. 3 1llustrates a block diagram of a line track process-
ing sub-system for measurement domain data association in
accordance with an embodiment of the present invention;

FIG. 4 illustrates a flowchart for processing line tracks in
accordance with an embodiment of the present invention;

FIG. 5A 1llustrates a flowchart for estimating line track
states 1n accordance with an embodiment of the present
mvention;

FIG. 5B 1llustrates a flowchart for detection association in
estimating line track states in accordance with an embodi-
ment of the present mnvention;
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FIG. 6 1illustrates a flowchart for merging line tracks 1n
accordance with an embodiment of the present invention;

FI1G. 7 1llustrates a flowchart for terminating line tracks in
accordance with an embodiment of the present invention;

FIG. 8A illustrates a flowchart for initializing line tracks
in accordance with an embodiment of the present invention;

FIG. 8B 1llustrates a flowchart for initializing line tracks
with an automatic detection process 1n accordance with an
embodiment of the present invention; and

FIG. 8C 1llustrates a flowchart for performing cell opera-
tions on cells 1n the automatic detection grids 1n accordance
with an embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Reference will now be made 1n detail to the pretferred
embodiments of the present imnvention, examples of which
are illustrated 1n the accompanying drawings.

FIG. 1 depicts a block diagram of a radar system, a target
and transmitters 1n accordance with an embodiment of the
present invention. Radar detection system 10 includes a PCL
system 100, one or more targets of interest 150, and a
plurality of transmitters 110, 112 and 114. PCL system 100
represents a family of multi-static wide area target surveil-
lance sensors. PCL 100 system exploits continuous wave
(“CW”) electromagnetic energy, often from sources of
opportunity that may be operating for other purposes.
Sources of opportunity may include television broadcast
stations and FM radio stations. Preferably, PCL system 100
may receive transmissions from a plurality of uncontrolled
transmitters, also known as sources of opportunity, 110, 112,
and 114. More preferably transmitters 110, 112, and 114 may
be wideband sources of opportunity that include commercial
FM broadcast transmitters and/or repeaters and commercial
HDTV TV broadcast transmitters and/or repeaters. Trans-
mitters 110, 112, and 114, however, are not limited to these
sources of opportunity and may include any device, system
or means to transmit uncontrolled signals.

Transmitters 110, 112, and 114 may transmit wideband
clectromagnetic energy transmissions in all directions. Some
of these transmissions are reflected by one or more targets of
interest 150 and received by PCL system 100. For example,
reflected transmission 130 may be reflected by target 150
and received by PCL system 100. Further, with regard to
transmitter 114, reference transmission 140 1s receirved
directly by PCL system 100. PCL system 100 may compare
reference transmission 140 and reflected transmission 130 to
determine positional information about one or more targets
of mterest 150. Reference transmission 140 also may be
known as a direct path signal. Reflected transmaission 130
also may be known as a target path signal. Positional
information may include any information relating to a
position of target 150, mcluding location, velocity, and

acceleration from determining a time difference of arrival
(“TDOA”), a frequency difference of arrival (“FDOA”) and

an angle of arrival (“AOA”).

FIG. 2 depicts a block diagram of a passive coherent
location system 1n accordance with an embodiment of the
present invention. PCL system 100 may include antenna
subsystem 200, analog to digital converter (“ADC”) sub-
system 220, processing subsystem 240, and output device
260. Antenna subsystem 200 receives electromagnetic
energy transmissions, including reflected transmission 130
and reference transmission 140 of FIG. 1, with at least one
antenna. Preferably, antenna subsystem 200 1s an antenna
array. ADC subsystem 220 receives the signal outputs of
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antenna subsystem 200 and outputs digital samples of the
signals at 1ts input by sampling the signals at a sampling rate
and forming a digital waveform using the magnitude for the
analog signal at each sampling interval. Processing sub-
system 240 receives the output of assembly subsystem 220
and processes the signals for measurement data, tracking,
target updates, and the like. Output device 260 receives the
processing result and displays the output of processing
subsystem 230.

FIG. 3 depicts a block diagram of a line track processing
sub-system 300 for measurement domain data association in
accordance with an embodiment of the present invention.
Line track processing sub-system 300 may be incorporated
in processing sub-system 240 of FIG. 2. Alternatively, line
track processing sub-system 300 may be incorporated in
ADC sub-system 220. Line track processing sub-system 300
1s responsible for identifying strings of detections across
multiple coherent processing intervals (“CPIs”) and produc-
Ing measurement space tracks of targets, such as target 150
of FIG. 1. As targets move 1n space, many signals may be
reflected and received by PCL system 100. These different
signals may be tracked to ensure that they are correlated to
the correct target, and that existing tracks for detected targets
are updated. Line track processing sub-system 300 seeks to
facilitate that action by receiving detection reports from the
signal processing function and outputting qualified line
tracks to a line track association and target tracking function
with processing subsystem 240).

Each processing cycle may begin with an input block 306
being input to line track processing sub-system 300 from a
detection and feature extraction function. Input block 306
may 1nclude an input data block header that identifies the
transmitter, the number of reports 1n the block, time tag of
the block, and other parameters. Input block 306 also
comprises detection reports generated by the detection and
feature extraction function. Individual detection reports may
contain measurements as well as the respective variances for
the measurements. These measurements may include delay
(FM), doppler (FM), relative frequency (TV), angle of
arrival, signal power, the type of report, and the like. The
“type of report” may be link known, 1lluminator unresolved,
television carrier, and the like. Other input measurements or
values may be noise floor for each detection report, 1llumi-
nator and receiver, or link, 1dentification, antenna
identification, and the like.

The detection report measurements and variances may be
converted, 1f needed, to the quantities desired 1n line track
processing sub-system 300. The delay measurement may be
the time difference of arrival (“TDOA”) in seconds between
the direct path signal and the target signal. The delay
measurement may be converted to a bistatic range 1in meters.
The doppler measurement may be the frequency ditference
of arrival (“FDOA”) in Hertz (“Hz”) between the direct path
signal and the target signal. The doppler measurement may
be converted to bistatic range rate 1n meters/sec.

Other measurement quantities may be unmodified. As
discussed above, the angle-of-arrival (“AOA”) may be the
angle 1n radians between the target and the plane normal to
the linear antenna array within antenna subsystem 200. The
signal power measurement may be the power of the target
signal referenced to the target antenna terminals, and may be
measured in dBm.

Line track processing subsystem 300 also includes pro-
cessing functions. The processing functions perform the
high level processing for the tracking functions. State esti-
mation function 308 receives the measurement data of input
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block 306, and propagates existing tracks m time to the
current measurement time. This action allows the tracks to
be synchronized with the data within input block 306. State
estimation function 308 also estimates the updated states for
the extending tracks.

Line track merge function 310 merges comparable line
tracks extending from the same target. Line track termina-
tion function 312 terminates stale tracks. Line track initial-
ization function 314 initiates new tracks for targets using
certain unassociated detection reports. Configuration data
316 may provide pertinent configuration information on
PCL system 100, or known 1lluminators, or transmitters, that
enables the functions 308—314 to process and associate the

measurement data of the detection reports within input block
306.

The line track processing subsystem 300 outputs line
track records block 320 to the target tracking function of
target tracker 322. Preferably, the raw measurements of the
tracked detection reports along with their measurement
variances and line tracking parameters may be forwarded to
target tracker 322. The filtered or smoothed values of these
measurements may not be forwarded. The line track metrics
may 1ndicate whether the track to be forwarded to target
tracker 322 1s application specific, and 1s a function of the
measured, filtered and derived track attributes.

The following data may be included in output block 320.
The data may be generated after processing each dwell of
data. The data within output block 320 may comprise the
number of peak detections for each 1lluminator, or transmiut-
ter. The data also may comprise the number of beams
processed for each illuminator. The data also may comprise
the associated time of the current update, the carrier fre-
quencies for each i1lluminator, and the average RMS band-
width of the reference signal for each illuminator.

The outputted data also may comprise a system noise
figure for each beam processed for each 1lluminator. Further,
the outputted data also may comprise the number of updated
existing line tracks, the number of discontinued line tracks,
and the number of new line tracks for the measurement data
received 1n mput block 306.

Output block 320 also may include detection reports that
correlate to peak line tracks. The detection reports may
contain the following data: data time, delay measurement
and variance, Doppler measurement and variance, angle-of-
arrival measurement and variance, signal power measure-
ment and variance, signal-to-noise (“SNR”) ratio, signal
power referred to the antenna terminals, transmitter
identification, line-track identification, and line track state.

FIG. 4 depicts a flowchart for processing line tracks in
accordance with an embodiment of the present invention.
FIG. 4 indicates the various functions that may be associated
with the line track processing algorithms, as disclosed
below. The steps depicted in FIG. 4 disclose the line tracking
processing algorithms in a preferred implementation
sequence. Step 400 executes by estimating a line track state
vector using a linear Kalman filter state estimation. Step 500
executes by merging line tracks associated with the same
target. Step 600 executes by terminating those line tracks
that meet certain conditions. Step 700 executes by 1nitializ-
ing the line tracks selected to be forwarded to target tracker
322. Step 800 executes by tracking a television (“TV”)
carrier, 1f applicable.

FIG. SA depicts a flowchart for estimating line track states
in accordance with an embodiment of the present invention.
Line track state estimation may use separate Kalman filters
to track range data and angel-of-arrival data 1n measurement
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space. In addition, simple smoothers may be used to track
TV carriers and estimate signal power. Step 502 executes by
starting the process disclosed 1n FIG. 4 by step 500. Step

500, however, 1s not limited to the embodiments disclosed
with reference to FIGS. 5A and 5B.

Step 504 executes by determining what type of illumina-
tor 1s being exploited. If the 1lluminator 1s a FM station, then
PCL system 100 may associate the FM signals reflected
from the target. If the 1lluminator 1s a TV station, then PCL
system 100 may associate the television signals reflected
from the target. Step 506 executes by using FM Kalman
Filters. For FM 1lluminators, the state vectors for the range
and angle-of-arrival Kalman Filters may given by

and X = , respectively.

In the vectors, r,, may be the differential bistatic range in

meters, r, may be the bistatic range rate 1n meters/sec, and
0 may be the angle-of-arrival 1n radians. The relationship
between the bistatic range and range rate states, on the one
hand, and the fundamental measured quantities, t,
(“TDOA”), or “delay”, measured in seconds, and f,
(“FDOA”), or doppler, measured in Hertz, on the other, may
be given by

=M,

where ¢ 15 the speed of light in vacuum, or 299792458
meters/sec, and A=c/f_ 1s the wavelength 1n meters of the
illuminator’s carrier, or center, frequency.

Step 508 executes by using TV Kalman Filters. For TV
illuminators, the angle-of-arrival state vector may be 1den-
fical to the FM case, but the range filter 1s replaced by a
frequency filter. The replacement may be desired because
the 1lluminator associated with the frequency line track may
be ambiguous at this point of the processing. Therefore,
constructing doppler from the frequency line track and its
associated carrier line track may be uncertain. To handle this
issue, doppler construction may be postponed so that the
filter deals with the frequency track only. The state vectors
for the frequency and angle filters may be given by

e g
. |and X =] |,
] 0

respectively, where { =f—1, , 1s the relative frequency with
respect to the tuning LO frequency. After the carrier asso-
cilated with this frequency line track has been 1dentified, the
relationship between bistatic range rate and the relative
frequency disclosed above may be given by

Fy==helf,=(cfr0));

where f_. 1s the carrier frequency and A_ 1s the carrier
wavelength.

For either FM or TV signals, the angle filter may be
present 1f angle data 1s available from the detector. Although
the angle filter 1s a separate {ilter, it 1s coupled to either the
range or frequency filter in several points through the line
track processing functions, such as the line track birth and
termination function, the line track merging function and in
gating and computation of figures of merit (“FOM™) and
scores 1n the association process function.
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Step 510 executes by propagating the state estimates for
all Iine tracks forward to the current time dwell using

)_{k=®k— le—l
Pi=®, P, D, +O, Aty

where:

X,, P,=propagated state vector and covariance at time t,
X., P,=filtered state vector and covariance at time t,
At, =t,—t, ;=(current time-last Kalman time)

@, ,=state transition matrix from time t, , to t,

db,_, = state transition matrix from time 7,_; to

1 Ark—l U.S(Q-k—l)z _
0 1 Aty
00 1

| ﬁfk_l
(three-state), [O 1 }(twa—state)

Q,_,=process noise matrix over step from t, ; to t,

(J,_| = process noise matrix over step from #,_; to 1

0 7] _
; 0 0 7 0 .
= d 2
1 O Qf » all 0 Ocr (Afk—l )
00 @ | ° b - 3 \ Rpry

for the range, frequency, and angle-of-arrival filters.
For ease of notation, X may denote any of the three filter
types disclosed with reference to steps 506 and 508.

The filter used for tracking signal power 1n the line track
processing subsystem 300 i1s an exponential filter disclosed
as follows, where P, 1s the filtered signal power measure-
ments in dBm at time t,:

- var(d f,)var(60) |
 var( ;7 )var(m)

(6ps)*
var(ops)

S = FOM(8) + FOM(f.) + +A-In

where
P5?D=p5?0(m) (initialization)

t _=previous time measurement present for line track
t=time constant of smoothing filter

For the configurable parameters vQ;, and vQ,,, in units of
m/s>’?, are the process noise sigmas for bistatic range
rate—rate and cross range acceleration, respectively. The
parameters may be used in the respective process noise
matrices, Q, above. The parameter R, 1n the angle-of-
arrival Q matrix may be the estimated range from the
receiver to the target and may be given by:

rp(rp +2Rgy)
Rpr =
2|Rpi(l —cosy) + rp]

where:

R, 1s the range 1n meters from the receiver to the
illuminator,

r,, 1s the bistatic range from the line track state,

v 1s the angle (rads) measured at the receiver between the
illuminator bearing and the angle of arrival from the line
track state.
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For the TV case, the Q for the frequency filter 1s derived
from the range rate—rate Q according to

and the R, parameter in the angle filter 1s set via a
configuration parameter, R,

Step 512 executes by associating new detection reports
with existing line tracks. This process 1s disclosed 1n greater
detail with reference to FIG. 5B. Step 516 executes by
updating the filter states. For line tracks that were associated
with detection updates 1n the current dwell, or process, the
Kalman Filters associated with the line track are updated
using the detection report’s measurements as

Ky=P H'[HPH"™ ]
X k=j k+K k(Z k—HX k)

P=P,—-K,HP,

where:
K,=Kalman gain matrix at time ¢,
7, =new measurement vector at time t,

R,=measurement covariance matrix
H=measurement matrix

&
]

o ctoy, 0 [1 0 0}
7 N ot

2 2
}’Lﬂ'fd_

for the range filter
Z.=[f "], Rk=[0ﬁ2], H=[1 0], for the frequency filter
Ord2=time delay measurement variance

fo:doppler measurement variance . . .
and with similar expressions for the angle filter. Step 516
executes by returning back to the line tracking processing
functions.

FIG. 5B depicts a flowchart for detection association in
estimating line track states in accordance with an embodi-
ment of the present invention. Step 530 executes by starting
the process disclosed in FIG. 5 by step 512. Step 512,
however, 1s not limited to the embodiments disclosed with
reference to FIG. 5B. New detection reports may be asso-
ciated with existing line tracks. A figure of merit (“FOM”)
may be computed for each detection report line track pair
and used to eliminate unlikely combinations. A computed
score for each surviving pair may be determined to identily
those pairs that make the final association. Those detection
reports having signal-to-noise ratios above a configured
threshold may participate in the association function.

Step 532 executes by i1dentifying the list of potential
detection reports for association by comparing the detec-
tion’s SNR to a configured threshold for each propagated
line track. The equation for comparing the detection’s SNR
may be SNR.Zvy, .; 1=1, . . . ,Q where v, ,=the line track
extension threshold.

Step 534 executes by computing the appropriate measure-
ment residuals for each measurement 1n the detection report
and computing the corresponding approximate residual vari-
ances. The computations may be performed using the fol-
lowing equations. Please note that an FM signal may have
a bistatic range, a bistatic range rate and an angle
measurement, while a TV signal may have a relative fre-
quency measurement. Both types of signals may have a

signal power measurement.
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The following equations may be used to compute the
appropriate measurement residuals for each measurement:

&r,ct V-,
OF == M-,

of, =1, ",

50=0"-0
dp=p,""p,

The following equations may be used to compute the
corresponding approximate residual variances:

var(dry)=c>var(t, ") +var(r,)
var(di, )= var(f. ) +var(ib)

var(df)=var(f."")+var(f,)
var(80)=var(0V))+var(0)

var(ﬁps)=ﬂapf (configurable input)

where the (m)-superscripts refer to the measurements from

the detection report and 1,, r,, f,, and 0, and their variances,
may be taken from the predicted Kalman filter states and
covariance matrices at the current measurement time, t,.

Step 536 executes by selecting as detection report to line
track candidates those pairs whose residuals pass all gates.
For example, the following relationship should be true for an
FM line track with an angle measurement: (|3r,|<e, )a(|0
r [<€;,)a(|06]<€o)=TRUE where ¢, , €, and €, may be the
configurable residue gates for bistatic range, range rate and
angle, respectively. An analogous test may be performed for
other types of line tracks.

Step 538 executes by computing the appropriate FOM(s)
and applying the gates. The FOMs for the gate test may be
chosen from the following group: a 2-D spatial FOM(r,, 0),

and a 1-D range rate FOM(r,) for FM illuminators with
angle data; a 1-D frequency FOM(f)) and angle FOM(0) for
TV 1lluminators. These FOMs may be defined as follows:

_ (6rp)* (66)°
FOM(ry, 0) = var(dr) i var(ov)
53 )2
FOM (i) = v;r:;iby

with similar definitions for the other 1-D FOMSs. The FOMs
should pass the corresponding thresholds, available in the
configuration data 316 of FIG. 3, 1n order for the detection
report to be eligible for subsequent association processing.
The gates for the various FOMs may be as follows:

FOM(r,, 0)<n spatial
FOM(#3)<ny,,
FOM(f,)<nt,
FOM(©)<n,

If the appropriate thresholds are satisfied, the detection
report 1s a candidate for association with the line track under
test and 1ts score may be calculated and used 1n subsequent
assoclation processing. For example, the score for a FM
signal with an angle may be given by the following equation:
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2
(Ops) .
var(0p;)

S = FOM(rs, 0) + FOM(?EE)) n

vty sty )+ ) s )

A-In
var(r;) Var(ff;) var(®*)

where A 1s an external input initially set to 1.0. For a TV
signal with an angle, the score may be given by the follow-

Ing equation:

2
(Ops) N
var(o ps)

S = FOM(0) + FOM(f.) +

var( f,) + var(f,) var(®) + var(®”)

A ) Var(©")

If no angle 1s given, the process may delete the corre-

sponding angle terms in the above expressions.
KZ
Where var(f’) = T_zf and SNR* = 10114
int
o) = K&A*
T DISNR
252
ceK; P
var(®”) = 2_ and B = B —
( ) B;gf-SNR* ref {F 3
252
var( iy, ) = ! de
" TASNR

Step 540 executes by assigning the detection reports in
ascending order. By making assignments 1n ascending order,
those combination are eliminated with higher scores that
utilize newly assigned detection reports or line tracks. The
assigned detection reports are used 1n the filter state update
process disclosed 1n step 514. Step 542 executes by setting,
the filtered state vector for line tracks not receiving assigned
detection reports. Specifically, the filtered state vector and
covariance matrix is set equal to the propagated ones, or X, =
X, P.=P,. Step 544 executes by returning back to the line
track estimating functions.

FIG. 6 depicts a flowchart for merging line tracks in
accordance with an embodiment of the present invention. A
line track merge process may be desired to combine multiple
line tracks having detection reports that potentially originate
from a single target. Merging actions may take place after
the Kalman Filter update of step 514 has been performed for
the current dwell update. The line track merge function
clement, such as line track merge function 310, may be
enabled through the configuration switch LT Step 602

merge”

executes by starting the line track merging process disclosed
by step 600 1n FIG. 4. Step 600, however, 1s not limited to
the embodiments disclosed with reference to FIG. 6.

Step 604 executes by determining a list of line tracks at
the current dwell update. The list of line tracks may be given
as {LT,1=1, ..., L}. Step 606 executes by calculating cach
available measurement residual for each possible line track
pair in the list {LT;, LT}, where i#j. The available mea-
surement residual may be calculated by the following equa-
tion:

0z(5,)=[z(D)-z()|
where z(1) represents any measurement for L'T(1).

Step 608 cxecutes by determining whether the criteria for
merging line tracks 1s satisfied. If all measurement ditfer-
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ences are smaller than their corresponding gates, then the
merge criteria 1s satisfied. For example, for FM signals, if

(Be(i,j)<e, ")AOf (5) <€, ) A(80(i,f)<€g™ )=TRUE

where erdM, efdM, €, may be the configurable merge gates

for delay, doppler and angle of arrival, respectively, then the
merge criteria may be satisfied. Thus, step 610 executes by
removing a line track from the list of active line tracks.
Preferably, the younger of the two line tracks 1s removed. It
the two line tracks are the same age, then the line track with
the smaller mitial SNR may be removed. Analogous pro-
cessing may be implemented for TV signals from TV
illuminators. Step 612 executes by returning to the line
tracking processing functions.

FIG. 7 depicts a flowchart for terminating line tracks in
accordance with an embodiment of the present invention.
Step 702 executes by starting the line track termination

process disclosed by step 700 1n FIG. 4. Step 700, however,
1s not limited to the embodiments disclosed with reference
to FIG. 7.

Step 704 executes by determining whether a termination
criteria exists. Line track termination may occur for the
following criteria. First, the line track has not been updated
for t. , seconds. Second, the line track has not been updated
for U _. ___ consecutive dwell update opportunities. Third,
the line track’s filtered range rate rate at the current dwell

update exceeds fb?mﬂx. Fourth, the line track’s associated
doppler measurements have been less than f, ~for more
than U, consecutive filter updates. Analogous processing
may be applied for f being near any of the carriers. The
same conilgurable parameter may be used. Fifth, the line
track has fewer filter updates than U  and the ratio of
track update opportunities to track updates above v,, .- 1S
greater than P, . The last criteria only may apply in those
instances when the line track initialization function 314 1s
performing M out of N detection, as disclosed below.

Step 706 terminates the line track identified by the above
criteria. Line track termination removes old or stale line
tracks from memory and frees up processing resources. Step
708 executes by returning back to the line tracking process-
ing functions.

FIG. 8A depicts a flowchart for mitializing line tracks 1n
accordance with an embodiment of the present invention.
Two processes may exist for initializing line tracks. One
process attempts to find target echoes 1n defined regions of
the detection surface by integrating the energy found 1n the
regions over a number of dwells and realizing a mature
track. Another process starts immature line tracks from an
initial detection above a specified threshold and requires a
certain number and type of associations i1n subsequent
dwells to claim maturity.

Step 802 executes by starting the line track initialization
process disclosed by step 800 1n FIG. 4. Step 800, however,
1s not limited to the embodiments disclosed with reference
to FIGS. 8A, 8B and 8C. Step 804 executes by determining
the configuration parameter for the process to be used in
initializing the line tracks. A configuration parameter, M; .,
may be used to control line track initialization. Preferably,
the configuration parameter will denote one of the two
processes disclosed above. Step 806 executes by determin-
ing whether the automatic detection process 1s mndicated by
the configuration parameter. If yes, then step 808 executes
by performing an automatic detection process. The auto-
matic detection process provides initial detection of possible
targets by accumulating target echo energies over a period of
fime 1n predefined detection cells. The automatic detection

process 15 disclosed 1n greater detail with reference to FIG.
8B.
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If step 806 1s no, then step 810 executes by performing the
“M out of N” detection process. An “M out of N” detector
may be 1mplemented in this process. The M out of N
detector may use the termination criteria, disclosed with
reference to FIG. 7, to control which line tracks ultimately
become mature tracks. New line tracks may be 1nitiated on
unassigned peak detections that have a SNR greater than v, -,
and an absolute doppler greater than £, .

Step 812 executes by initializing the filter state. Indepen-
dent of the process used to initially detect a target, itial-
ization of the line track Kalman filters may be performed.
The number of new line tracks at each dwell update time
may be limited by the configurable parameter, L. A unique
line track identification and the following track filters may
be 1mtialized for the first L detections, or targets, as ordered
by decreasing SNR.

For the bistatic range filter for a FM signal, the filtered
state vector and covariance matrix may be initialized as

_ _ -2 2 ]
- I-Eim} coy, 0 0
X, = _Afém} and P, = 0 /".l.zﬂ'%d 0
0 0 0 of
_ h
respectively.

For a TV signal, the covariance matrix for the frequency
filter may be 1nitialized as

.
|

For the angle of arrival rate filter, the filtered state vector
and covariance may be inifialized as

2 o
0] 0 o3|

_ 9(”” -
X, =

The frequency filter may be mitialized 1n an analogous
manner.

Step 814 executes by returning back to the line tracking
processing functions.

FIG. 8B depicts a flowchart for mitializing line tracks
with an automatic detection process 1n accordance with an
embodiment of the present invention. As disclosed above,
the automatic detection process provides 1nitial detection of
possible targets by accumulating target echo energies over
time 1n predefined detection cells. Peak detections that are
not associated with an active line track in the current dwell
update may be sent to the automatic detection process.

Step 820 executes by starting the automatic detection
process disclosed by step 808 1n FIG. 4. Step 808, however,
1s not limited to the embodiments disclosed with reference
to FIGS. 8B and 8C. Step 822 executes by computing the
aging factor for the cell energies. The aging factor may be
computed as

—0.6931A¢

v = ¢ Lauto_det .

where At=the time difference between dwells and <,,,, 4..=
the automatic detection f{ilter time constant. Step $24
executes by defining M and K. M may be the predefined
number of doppler cells 1n the automatic detection grids. K
may be the predefined number of delay cells.
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Step 826 executes by aging the energies 1n each cell. The
energies may be aged 1n each cell by the following equa-
fions:

v (mk)=ay,(mk) m=1, ..., M#k=1,...,K
o(mk)=ay,(mk) m=1, . ,Mk=1, ... K

Step 828 executes by determining whether a peak detec-
tion 1n the current dwell 1s associated with a line track. If no,
then step 830 executes by computing the doppler and delay
cell index for automatic detection grid 1 as

(my, k) = N!NT[ Ja 1 ]

c‘ird’ Of,

where NINT 1s the nearest integer function, t , and f, are the
delay and doppler values of the peak detection 1n meters and
meters/second, 0, and o, are the cell widths of the automatic
detection grids in delay and doppler.

Step 832 executes by flagging the peak detection as one
assoclated with the cell in grid 1 1if 1ts SNR 1s greater than
the one currently associated for this dwell. If so, return to
step 830. Otherwise continue to step 834. Step 834 executes
by computing the doppler and delay cell index for automatic
detection grid 2 as

I
f—dﬁ 0.5 + i].
5,

(My, ky) = N!NT[G.S +
5t

Step 836 executes by flageing the peak detection as the one
associated with the cell 1n grid 2 if 1ts SNR 1s greater than
the one currently associated for this dwell. Step 838 executes
by determining whether the list of detections 1s completed.
If no, then return to step 830. If yes, then go to step 840.
Further, 1f step 828 1s yes, then step 840 executes by
performing cell operations for each cell in each automatic
detection grid generated above. FIG. 8C discloses this
process 1n greater detail below. Step 842 executes by return-
ing back to mitializing the line tracks.

FIG. 8C depicts a flowchart for performing cell operations
on cells 1 the automatic detection grids 1n accordance with
an embodiment of the present invention. Step 850 executes
by starting the cell operations process disclosed by step 840
in FIG. 4. Step 840, however, 1s not limited to the embodi-
ments disclosed with reference to FIG. 8C. Step 852
executes by setting the peak SNR for each cell. SNR  , may
be the SNR of the peak associated with the cell for the
current dwell, if present. Step 854 executes by computing
the energy rise of the cell. The energy rise may be computed
as &, =(1-a)SNR_,_ ;. The maximum rise may be limited
by the property if &, >, then 5, ;=S where g, =the
maximum energy rise 1n a cell for a dwell.

Step 856 executes by updating cell energy by y(m,k)=g
(m,k)+&,, .. Step 858 executes by determining new target
detections. New target detections may be determined by
comparing the cell energy against the line track initiation
threshold. If y(m,k)>Y_ .. 4..» then a new line track may be
started and the energy in the cell may be zeroed out, or
v(m,k)=0.0, where v_,,, s.,=the line track initialization
threshold. Step 860 executes by returning back to the
automatic detection process.

Referring back to FIG. 3, step 900 discloses carrier
tracking for TV signals associated with a TV illuminator. A
stream of detection reports may be identified with the TV
signal’s video carrier signal. These reports have been tagged
as such 1n detection processing because they have originated
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on the reference beam for the TV illuminator and their
measured relative frequency has fallen within the specified
window for the carrier. If no carrier tracking 1s desired, no
detection reports may be tageed as such, and the carrier track
may remain at its initialized value, or a configurable input.
For each carrier, a smoothing filter may be defined as

! { Jea—1 + Brm! fff} — fck—1) measurement present
c.k —

f;;,k_l no measurement pI‘E‘!SEHt

where
f, ,=(configuration input)

t =previous time measurement present for carrier track
T _=time constant of smoothing filter
The measurement selected 1s the measurement whose SNR
exceeds the carrier tracking threshold, 1s within the carrier
search window, and has the minimum measurement residual.
Thus, 1n accordance with the disclosed embodiments, a
system and method for measurement domain data associa-
tion 1s disclosed. Another name for the system and method
may be line tracking. The disclosed embodiments receive
detection reports as input and associates the detection
reports with existing line tracks, creates new line tracks or
terminates line tracks according to the data within the
detection reports. The detection reports contain data for
signals reflected from potential targets that are being tracked
by the PCL system. The disclosed methods, processes and
algorithms 1mprove line tracking and outputs line track data
to the target tracking function. Therefore, targets may be
identified and tracked 1mn a more efficient manner.

It will be apparent to those skilled 1n the art that various
modifications and variations can be made 1n the disclosed

embodiments of the present mvention without departing
from the spirit or scope of the invention. Thus, it 1s 1ntended
that the present mmvention embodies the modifications and

variations of this invention provided that they come within
the scope of any claims and their equivalents.

What 1s claimed 1s:

1. A method for associating a detection report having
measurements to a line track, wherein said line track cor-
relates to a signal transmitted from a source of opportunity,
reflected from a target, and detected by a passive coherent
location system, comprising:

estimating a line track state vector from said measure-

ments using a set of Kalman filters wheremn said
measurements are at least partially derived by compar-
ing said signal to a reference transmission from said
source of opportunity; and

initializing said line track.

2. The method of claim 1, further comprising merging
said line track with another line track associated with said
target.

3. The method of claim 1, further comprising terminating
said line track.

4. The method of claim 1, further comprising selecting
said set of Kalman filters.

S. The method of claim 1, wherein said set of Kalman
filters 1includes range and angle-of-arrival Kalman filters.

6. The method of claim 1, wherein said set of Kalman
filters 1ncludes frequency and angle-of-arrival Kalman {il-
ters.

7. The method of claim 1, wherein said estimating
includes propagating state estimates for said line track.
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8. The method of claim 1, further comprising determining,
whether said signal 1s a FM signal.

9. The method of claim 1, further comprising determining
whether said signal 1s a TV signal.

10. The method of claim 9, further comprising tracking a
carrier of said TV signal.

11. The method of claim 1, further comprising updating
filter states of said Kalman filters.

12. A method for associating measurement data to a line
track correlating to a target, wheremn a target signal is
reflected from said target and i1s received by a passive
coherent location system, comprising;:

determining a signal type for said signal;

converting said measurement data to filter data according
to said signal type;

sclecting a set of Kalman filters for said filter data
according to said signal type;

propagating said line track;

1dentifying a detection report for said line track according
to said measurement data;

computing measurement residuals and residual variances

for said detection report according to said Kalman
filters; and

selecting said detection report for association with said
line track according to said residuals.

13. The method of claim 12, further comprising 1nitializ-

ing line track filter states of said line track.

14. The method of claim 13, further comprising merging
said line track with another line track when a merge criteria
1s safisfied.

15. The method of claim 14, further comprising deter-
mining sald merge criteria according to said residuals.

16. The method of claim 13, further comprising termi-
nating said line track when a termination criteria 1s satisfied.

17. The method of claim 16, further comprising deter-
mining said termination criteria.

18. The method of claim 12, wherein said i1dentifying
comprises comparing a signal-to-noise ratio of said detec-
tion report to a configured threshold for said line track.

19. A system for measurement data association of detec-
fion reports to a line track within a passive coherent location
system, wherein said detection reports correlate to target
signals transmitted from a source of opportunity, reflected
from a target, and received at said passive coherent location
system, comprising:

a state estimation means to associate new detection
reports with existing line tracks and to estimate update
states for extending line tracks, wherein said new
detection reports are at least partially dertved by com-
paring said target signal to a reference transmission
from said source of opportunity;

a lie track merge means to merge line tracks;

a line track termination means to terminate line tracks
according to a specified criteria; and

a line track 1nitialization means to initiate new line tracks

for unassociated detection reports.

20. The system of claim 19, further comprising configu-
ration data accessible by said means.

21. The system of claim 19, wherein said state estimation
means receives an input block comprising said detection
reports.

22. The system of claim 21, wherein said detection reports
comprise measurements.

23. The system of claim 22, wherein said detection reports
comprise variances for said measurements.
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24. The system of claim 22, wherein said measurements
are used by said state estimation means 1n associating said
detection reports.

25. The system of claim 19, wherein said state estimation
means includes Kalman filters for range, frequency and
angle-of-arrival.

26. The system of claim 19, further comprising an output
block.

27. The system of claim 26, wherein said output block
comprises line track records.

28. The system of claim 26, wherein said output block
COmprises measurements.

29. A method for estimating line track states with detec-
flon assoclation 1 a passive coherent location system,
wheremn said passive coherent location system receives
target signals reflected from targets, said target signals
having measurement values, comprising:

identifying a set of potential detection reports, wherein
said detection reports comprises measurement values;

computing measurement residuals and residual variances
for said measurement values;

selecting candidate detection reports for line tracks from
said set of potential detection reports according to said
measurement residuals;

applying thresholds to said candidate detection reports;
and

associating said candidate detection reports passing said

thresholds to said line tracks.

30. The method of claim 29, wheremn said applying
includes computing a figure-of-merit for each of said can-
didate detection reports.

31. The method of claim 29, wherein said idenftifying
includes comparing a signal-to-noise ratio for each of said
set of detection reports to a configured threshold.

32. A method for associating new detection reports with
existing line tracks 1n a passive coherent location system,
comprising:

gating a detection report-line track pair;

computing a score for said detection report-line track pair;
and

assigning a detection report of said detection report-line
track pair to a line track of said detection report-line
track pair according to said score.

33. The method of claim 32, further comprising 1denti-
fying said detection report according a signal-to-noise ratio
measurement.

34. The method of claim 32, further comprising selecting
said detection report-line track pair.
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35. A method for merging line tracks within a passive
coherent location system, wherein said line tracks correlate
o a target, comprising:

determining a list of line tracks and line track pairs;

calculating a measurement residual for each line track pair
within said list;

determining merge criteria for said each line track pair;

comparing sald measurement residual with gates corre-
lating to said merge criteria; and

removing a line track from said each line track pair that

satisiies said merge criteria.

36. The method of claim 35, wherein said removed line
track 1s younger than another line track within said each
possible line track pair.

37. The method of claim 35, wherein said removed line
track has a lower 1nitial signal-to-noise ratio than another
line track within said each possible line track pair.

38. A method for terminating a line track within a passive
coherent location system, wherein said line track correlates
to a target signal transmitted from one or more sources of
opportunity, reflected from a target, and received by said
passive coherent location system, comprising:

determining a termination criteria;

monitoring said line track using comparison data from

said target signal and a reference transmission from
said source of opportunity; and

terminating said line track when said line track achieves
said termination criteria.
39. A method for mitializing new line tracks within a
passive coherent location system, comprising:

determining a conifliguration parameter for a new line
track;

selecting an 1nitialization process according to said con-
figuration parameter;

performing said initialization process; and

initializing a filter state of said new line track.

40. The method of claim 39, wherein said performing,
includes performing an automatic detection process by accu-
mulating target echo energies in predefined detection cells
correlating to said new line track.

41. The method of claim 39, wherein said performing
includes performing an M out of N detection process by
maturing said new line track when said new line track
satisfies a predetermined criteria.
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